Anisotropic picosecond photovoltaic responses were observed in lanthanum doped manganite La Ca 1− MnO 3 ( = 0.67 and 0.4) thin films, which were deposited on miscut LaSrAlO 4 substrates under ultraviolet pulsed laser irradiation without external bias. The 10%-90% rise time and the full width at half maximum of La 0.67 Ca 0.33 MnO 3 were 470 and 585 ps, respectively, and those of La 0.4 Ca 0.6 MnO 3 were 220 and 515 ps. The photovoltage sensitivities of La 0.67 Ca 0.33 MnO 3 and La 0.4 Ca 0.6 MnO 3 , which are sensitive to the concentrations of lanthanum of the samples, are 0.28 V/mJ and 3.47 V/mJ, respectively. The photosensitivity in the films deposited on MgO is higher than that in those deposited on LaSrAlO 4 substrates, for it has a big lattice mismatch. These results should open a route for the application of lanthanum doped manganite as an ultrafast photodetector material.
Introduction
Previously, the photovoltaic effect was reported in the perovskite-based p-n junctions, thin films, and single crystals [1] [2] [3] [4] [5] [6] . The charge carriers of p-n junctions are separated by the electric field in the space charge region, and the photovoltage can be observed. However, as a typical photodetector structure, p-n junction detectors cannot normally have ultrafast responses, which would limit the applications in nanosecond and picosecond pulse laser detections. Recently, focus on tilted structures in lanthanide doped perovskite oxides which present ultrafast photoresponses and high sensitivities in photodetection [7] [8] [9] . Theoretical researches demonstrated that ultrafast photoresponse processes should be attributed to anisotropy diffusion and Seebeck effect. Researches also demonstrated that the concentrations of lanthanide of the samples could modulate the photoresponse signals in nanometer size domain tilted thin films, which indicate a new type nanometer scale photosensitive source.
In the present study, we deposited different concentrations of lanthanum doped manganite thin films, La 0.67 Ca 0.33 MnO 3 (LCMO1) and La 0.4 Ca 0.6 MnO 3 (LCMO2), on miscut LaSrAlO 4 (LSAO) substrates, and observed picosecond ultraviolet (UV) photovoltaic effect under pulsed laser irradiations without external bias. The photoresponse signals are sensitive to the measurement circuit input impedance. A small paralleling resistance with thin film can effectively improve the response speed. When the La Ca 1− MnO 3 (LCMO) thin film is connected in parallel with a 0.5 Ω resistance, the 10%-90% rise time (RT) and the full width at half maximum (FWHM) decrease to 470 ps and 585 ps for LCMO1, and 220 ps and 515 ps for LCMO2. The voltage sensitivities can reach 0.28 V/mJ for LCMO1 and 3.47 V/mJ for LCMO2, respectively. Correspondingly, the current sensitivities are 0.21 A/mJ for LCMO1 and 3.44 A/mJ for LCMO2. The comparative experiments on LCMO film deposited on miscut MgO substrates prove that the photo sensitivity is higher in a big lattice mismatch system. All these experimental results reveal that the lanthanum doped manganite films on miscut substrates can be used as ultrafast photodetective materials.
Experimental
The 100 nm thick LCMO thin films were deposited on miscut LSAO substrates with (001) LSAO plane tilted to the surface wafer at an angle of 10 ∘ by facing-target sputtering technique from stoichiometry targets [10] . During the deposition, the substrates were kept at 680 ∘ C, with oxygen partial pressure of 2 International Journal of Photoenergy 30 mTorr. The film thickness, controlled by sputtering time with the deposition rate, is 100 nm. After the deposition, the vacuum chamber was immediately backfilled with 1 atm oxygen gas to improve the oxygen stoichiometry. X-ray diffraction (XRD) was adopted to characterize the structure of the as-deposited products. For the photovoltaic measurements, two Ag electrodes (1 × 5 mm 2 in size) separated by 3 mm were prepared on the surface of the LCMO, as shown in Figure 2(b) . Electrodes "A" and "B" are parallel to the tilted direction, while "C" and "D" are perpendicular to the tilted direction. Thus, the photovoltage of the "AB" and "CD" can be investigated and characterized, and AB and CD can represent the photovoltage of tilted direction and untilted direction, respectively. The third harmonic of an actively and passively mode-locked Nd: yttriumaluminum-garnet laser was used as the source at room temperature. The laser was operated at the wavelength of 355 nm (3.49 eV photon energy) with 25 ps duration at 10 Hz repetition rate, and the energy density was 0.0127 mJ/mm 2 . Thus, the on-sample energy was 0.435 mJ. The photovoltaic signals were monitored by a Tektronix sampling oscilloscope with a 2.5 GHz bandwidth terminated into 1 MΩ and 50 Ω.
Results and Discussion
The microstructure of LCMO/LSAO sample with different lanthanum component was checked with X-ray diffraction (XRD) -2 scan as shown in Figure 1 (a), where the [001] axis was aligned carefully and the offset point was set by 10 ∘ to satisfy Bragg's diffraction. Except for the (00l) LSAO substrate and the (h0h) LCMO film reflections, there was no diffraction peak from impurity phase or randomly oriented grain, indicating the epitaxial growth of the sample. In LCMO thin epitaxial film, the decrease of lanthanum component led to a consequence of lattice contraction due to the transition from Mn 3+ to Mn 4+ . Therefore, the diffraction peak moved to a higher angle.
The linear current-voltage ( -) characteristics, shown in Figure 2 (a), of the LCMO films indicated ohmic contacts between the films and Ag electrodes. And the resistivity of the LCMO1 film is larger than that of the LCMO2 film. The opencircuit photovoltaic pulses between the two electrodes which were painted on the surface of the LCMO were observed without any applied bias when the LCMO surfaces were irradiated by the pulse laser directly. Figure 3 shows typical photovoltaic responses of LCMO thin films along the tilted direction, recorded by the oscilloscope terminated into 1 MΩ and 50 Ω. When the impedance of the oscilloscope was set as 1 MΩ, the peak voltages P was 0.053 V for the LCMO1 and 0.661 V for the LCMO2, respectively. However, it should be noted that the responses are composed of a fast rise time, several oscillations, and a slow decay. The RC constant in the circuit and the impedance mismatch should be responsible for these phenomena. In order to reduce the influence of the RC effect in the measurement, we changed the import impedance of the oscilloscope from 1 MΩ to 50 Ω. As shown in Figure 3 , the RT and the FWHM decreased to 870 ps and 2435 ps for the LCMO1, and 278 ps and 1624 ps for the LCMO2. In addition, a 0.5 Ω resistance was connected in parallel with the LCMO thin film, and the RT and the FWHM are 470 ps and 585 ps for LCMO1, and 220 ps and 515 ps for LCMO2, indicating that the photovoltaic response of the LCMO thin film is a picosecond process.
The anisotropic photoelectric effect was systematically investigated along the tilted direction and untilted direction. And the waveforms which were recorded by the oscilloscope with the input impedance of 50 Ω were shown in Figures 3  and 4 . For the titled direction, the peak photovoltage AB P in LCMO1, which is exhibited in Figure 3(a) , is 0.0294 V when the film surface was irradiated directly. At the untitled direction, CD P (shown in Figure 4 (a)) in LCMO1 is 0.002 V, which is 14 times smaller than AB P . In LCMO2, the peak photovoltages AB P and CD P are 0.542 V and 0.0308 V, respectively, shown in Figures 3(b) and 4(b) . It is noteworthy that the photovoltaic response was reversed when the LSAO substrate was irradiated. Therefore, the whole photoresponse process can be understood as follows. The ultrafast laser pulses irradiated the LCMO film surface uniformly and generated photoinduced charge carriers (electron and hole pairs) with gradient distribution ( / ) perpendicular to the film surface [9] . Due to anisotropy and the large ratio of [101] / (101) , the diffusion current along [101] axis is much larger than that along the [101] axis. In carriers' diffusion process, the mobility of electrons is much larger than that of holes ( − > 0), and electron-hole pairs were separated and generated the diffusion current density LCMO2. Similarly, we can get the current sensitivities which are 0.21 A/mJ for tilting LCMO1 and 3.44 A/mJ for tilting LCMO2. These experimental results show that the photoinduced voltage effect in the tilting LCMO films is not only an ultrafast process but also highly sensitive to the UV laser pulse. The photosensitivity of LCMO2 was higher than that of LCMO1. In further study, we also deposited LCMO1 and LCMO2 films on miscut MgO substrates (at a tilt angle of 10 ∘ ) and observed the ultrafast photovoltaic responses in LCMO/ MgO samples [9] . All the experiment conditions were the same as before. We can see clearly that the photosensitivity in LCMO2/MgO was higher than that in LCMO1/MgO. And the LCMO films on MgO substrates showed much higher photosensitivity than the same component content LCMO films on LSAO substrates.
To understand the mechanism, high resolution transmission electron microscope (HRTEM) analysis of the interface of the LCMO/LSAO and LCMO/MgO has been done. From the images by HRTEM, we can clearly see that there is a good epitaxial growth in the LCMO/LSAO sample, due to the small lattice mismatch [11] . However, there exist a lot of dislocations and domains in LCMO/MgO, due to the larger lattice mismatch. Dislocations and domain boundaries consist of a lot of dangling bonds, which can create a lot of carriers under UV irradiation. Thus, LCMO deposited on MgO substrates with large lattice mismatch shows higher photovoltaic sensitivity.
Conclusion
In summary, we deposited lanthanum doped manganite thin films on miscut LSAO substrates and observed anisotropic picosecond UV photovoltaic responses under pulsed laser irradiation without external bias. A 0.5 Ω resistance was connected in parallel with the La 1− Ca MnO 3 (LCMO) thin film. And the RT and the FWHM decreased to 470 ps and 585 ps for LCMO1, and 220 ps and 515 ps for LCMO2. The voltage sensitivities reached 0.28 V/mJ for LCMO1 and 3.47 V/mJ for LCMO2. The current sensitivities are 0.21 A/mJ for LCMO1 and 3.44 A/mJ for LCMO2. From the above experiments, we can see several significant characteristics of the photovoltaic effect of the lanthanum doped manganite thin film: (I) the photovoltage along the tilted direction ( AB P ) is larger than that along the untilted direction ( CD P ); (II) the peak value of photoresponse in LCMO2 is higher than that in LCMO1; (III) the photosensitivity in LCMO films deposited on MgO is higher than that deposited on LSAO substrates, for the LCMO films deposited on MgO have a big lattice mismatch. These results should carve out a new way for the application of LCMO as an ultrafast photodetector material.
